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This is a study by the ATLAS Experiment at the LHC, of parameters 
associated with CP-violation in B mesons.
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CP-violation in the Standard Model 

• The CKM matrix is a 3 × 3 complex, unitary matrix whose elements represent the strength 
of flavor-changing weak interactions.

𝑉𝐶𝐾𝑀 =

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

𝑑′
𝑠′
𝑏′

= 𝑉𝐶𝐾𝑀

𝑑
𝑠
𝑏

, where

An 𝑁 × 𝑁 matrix will have 𝑁 𝑁 − 1 /2 real parameters (Euler Angles) and (𝑁 − 1) 𝑁 − 2 /2
nontrivial phase angles. 

𝑉𝐶𝐾𝑀 3 real parameters and 1 complex phase – origin of CP-violation in SM

• Using Wolfenstein’s parametrization1,

1 − ൗλ2
2 λ 𝐴λ3(𝜌 − 𝑖η)

−λ 1 − ൗλ2
2 𝐴λ2

𝐴λ3(1 − 𝜌 − 𝑖η) −𝐴λ2 1

+ 𝑂(λ4)

1. A. Ceccucci, Z. Ligeti and Y. Sakai, ‘CKM Quark-Mixing Matrix’, Particle Data Group, Revised March 2020

Relative 
quark 

coupling 
strengths
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Unitarity Triangle

Exploiting the unitarity of the CKM matrix, we get 9 conditions from which 3 triangles could be 
created. 

𝑉𝑢𝑑𝑉𝑢𝑏
∗ + 𝑉𝑐𝑑𝑉𝑐𝑏

∗ + 𝑉𝑡𝑑𝑉𝑡𝑏
∗ = 0

most commonly used, obtained by 
multiplying 1st and 3rd column of CKM 

matrix

𝛼 = arg −
𝑉𝑡𝑑𝑉𝑡𝑏

∗

𝑉𝑢𝑑𝑉𝑢𝑏
∗ ;

where 𝛽 = arg −
𝑉𝑐𝑑𝑉𝑐𝑏

∗

𝑉𝑡𝑑𝑉𝑡𝑏
∗ ; and

𝛾 = arg −
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗ .

Area gives a measure of CP
violation in the Standard 

Model.
The aim of experimental study of CP violation is to 
measure the angles 𝛼, 𝛽 and 𝛾 precisely for each 

unitarity triangle by studying the decays involving 
quark transitions corresponding to the matrix 

elements Vij.  If the Standard Model is the correct 
description of our universe, then the unitarity of 

CKM matrix should hold.

1. A. Ceccucci, Z. Ligeti and Y. Sakai, ‘CKM Quark-Mixing Matrix’, Particle Data Group, Revised March 2020

Unitarity triangle formed by the constraints from various 
measurements1.  
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• Decays of B mesons are of great interest due to their heavy mass which provides several 
decay paths, most of them yet to be explored.

• Two competing processes in our study – a direct decay of 𝐵𝑠
0 and a decay from 𝐵𝑠

0 − 𝐵𝑠
0

mixing to same final state in which an interference can be observed.

• 𝐵𝑠
0 → 𝐽/𝜓𝜙 decay proceeds via the 𝑏 → 𝑐𝑐𝑠 transition as shown by the tree-level diagram.

• 𝐵𝑠
0 can transform to its antiparticle 𝐵𝑠

0 in a phenomenon called mixing or oscillation.
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𝐵𝑠
0 → 𝐽/𝜓𝜙 Decay and 𝐵𝑠

0 − 𝐵𝑠
0 Mixing
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SM parameters in 𝐵𝑠
0 → 𝐽/𝜓𝜙 decay
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Measuring CP violation Parameters in 𝐵𝑠
0 → 𝐽/𝜓𝜙 Decays

𝜙𝑠
• A weak phase difference between 

mixing amplitude and decay 
amplitude

• Related to the CKM matrix via 
𝜙𝑠 ≈ −2𝛽𝑠, with 𝛽𝑠 =
arg[−𝑉𝑡𝑠𝑉𝑡𝑏

∗ /𝑉𝑐𝑠𝑉𝑐𝑏
∗ ]. 

• Assuming no New Physics is 
involved, a value of −2𝛽𝑠 =
0.03396 ± 0.00011 was 
predicted by  the CKMFitter
group1 and −2𝛽𝑠 = 0.03700 ±
0.00104 by the UTfit
Collaboration2. 

• Highly sensitive to New Physics.

Γ𝑠
• The average of the decay 

widths of light and heavy 
mass eigenstates.

• Not sensitive to New 
Physics.

∆Γ𝑠
• Difference between the 

decay widths of light and 
heavy mass eigenstates. 

• In the Standard Model, the 
value3 for ∆Γ𝑠 is predicted 
to be (0.085 ± 0.015) ps-1.

• Not sensitive to New 
Physics but can be used to 
test the Standard Model.

If New Physics is involved, we expect different value of 𝜙𝑠
compared to Standard Model prediction.

1. CKMfitter group, Charles, J. et al., Current status of the Standard Model CKM fit and constraints on ∆𝐹= 2 New Physics, Phys. Rev. D 91 (2015) 073007, Numbers 
updated using the results from the 2019 values in https://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_ summer19.html, arXiv: 1501.05013 [hep-ph].

2. UTfit Collaboration, M. Bona et al., The unitarity triangle fit in the standard model and hadronic parameters from lattice QCD: A reappraisal after the measurements of 
∆𝑚𝑠 and 𝐵𝑅(𝐵 → 𝜏𝜗𝜏), JHEP 10 (2006) 081, Numbers updated to the 2018 results from https://www.utfit.org/UTfit/ResultsSummer2018SM, arXiv: hep-ph/0606167 
[hep-ph].

3. M. Artuso, G. Borissov and A. Lenz, CP violation in the 𝐵𝑠
0 system, Rev. Mod. Phys. 88 (2016) 045002, [Addendum: Rev. Mod. Phys. 91, no. 4, 049901 (2019)], arXiv: 

1511.09466 [hep-ph].

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.073007
http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
https://arxiv.org/abs/1501.05013
dx.doi.org/10.1088/1126-6708/2006/10/081
https://www.utfit.org/UTfit/ResultsSummer2018SM
https://arxiv.org/abs/hep-ph/0606167
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.88.045002
https://arxiv.org/abs/1511.09466
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Angular Analysis for Decomposition to CP Eigenstates

Final state of a 𝐵𝑠
0 → 𝐽/𝜓𝜙 decay is an admixture of CP even and odd states. So, a time 

dependent angular analysis where the statistical contribution of CP even and odd states, are 
required for the extraction of SM parameters.

• In the transversity angle 𝛺 𝜃𝑇 , 𝜓𝑇 , 𝜙𝑇 basis, four time dependent decay amplitudes -
𝐴0 and 𝐴∥ corresponding to CP –even eigenstates and 𝐴⊥ and 𝐴𝑆 corresponding to CP-odd
eigenstates can be defined and their values at 𝑡 = 0 are observables in this study.

• In addition, four relative strong phases 𝛿0, 𝛿||, 𝛿⊥ and 𝛿𝑆 are also defined as observables

with 𝛿0 = 0 by convention.
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The event is mainly identified by the final decay products:

𝐵𝑠
0 → 𝐽/𝜓𝜙 where 𝐽/𝜓 → 𝜇+𝜇− and 𝜙 → 𝐾+𝐾−
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Reconstruction and Candidate selection for 𝐵𝑠
0 → 𝐽/𝜓𝜙 Events

Step 1: Flavor Tagging - Identify the flavor of 𝑩𝟎 meson produced.
The flavor of the initial 𝐵0 meson is identified through opposite side tagging (OST) where the information of the 

𝐵0 produced is used. 

Step 2: Trigger Selection - Select the events of interest from the large pool of 𝝁+𝝁− and 𝑲+𝑲− events.
Events should pass certain conditions called triggers. A few important triggers for the reconstruction of 𝐵𝑠

0 → 𝐽/𝜓𝜙
are
• Setting transverse momentum (pT) thresholds for charged pairs of muons and kaons. 
• Constraining invariant mass for charged pairs of muons and kaons.
• Each event should form at least one reconstructed primary vertex from at least four Inner Detector tracks.
• At least one pair of charged muons reconstructed using information from both Inner Detector and Muon 

Spectrometer.

Step 3: Candidate Selection - Fit the selected 𝝁+𝝁− and 𝑲+𝑲− to a common vertex.
Candidate events for 𝐵𝑠

0 → 𝐽/𝜓 𝜇+𝜇− 𝜙 𝐾+𝐾− are selected by fitting the tracks of each combination of 𝐽/𝜓 →
𝜇+𝜇− and 𝜙 → 𝐾+𝐾− decays to a common vertex. In our study, a total of 2 977 526 𝐵𝑠

0 candidates are collected 
within the mass range of 5.150-5.650 GeV.

Step 4: Proper decay time calculation for each candidate.

𝑡 =
𝐿𝑥𝑦𝑚𝐵

𝑝T𝐵
• Lxy is the transverse decay length.
• mB is the mass of the 𝐵𝑠

0 meson.

• 𝑝T𝐵 is the reconstructed transverse momentum.
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An unbinned maximum likelihood fit is performed to extract physics parameters of the  
𝐵𝑠
0 → 𝐽/𝜓𝜙 decay.
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Maximum Likelihood Fit

• Reconstructed mass m.
• Measured proper decay time t.
• Measured mass uncertainty 𝜎𝑚 .
• Measured proper decay time 

uncertainty 𝜎𝑡.
• Tagging probability 𝑃(𝐵|𝑄𝑥)

i.e., the probability of B meson 
in a particular flavor. 

• Transversity angles 
𝛺(𝜃𝑇 , 𝜓𝑇 , 𝜙𝑇)

• Transverse momentum 𝑝T𝑖

Observables for each candidate

• 𝐹𝑠 − signal
• 𝐹𝐵0 − 𝐵0 background 

misidentified as 𝐵𝑠
0.

• 𝐹𝛬𝑏 − 𝛬𝑏 background 

misidentified as 𝐵𝑠
0.

• 𝐹𝑏𝑘𝑔 − other backgrounds

• Obtained by extracting 
information for each candidate.

Probability Density Functions (PDFs)

• 𝑓𝑠 − signal fraction.
• 𝑓𝐵0 − 𝐵0 background 

fraction.
• 𝑓𝛬𝑏 − 𝛬𝑏 background 

fraction.
• Obtained from Monte Carlo 

simulations.

Fractions
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Results using 13 TeV Data

Maximum likelihood fit result

The following fit results are based on the 80 fb-1 of data collected in Run 2 (2015-2017) at 
center of mass energy 13 TeV.

Some of the sources of systematic uncertainties in this fit include calibration in flavor tagging,
Inner Detector misalignment, misidentified particles, best candidate selection, Monte Carlo 

simulations.

SM parameters

Additional 
parameters

arising from angular 
analysis.
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Results using 13 TeV data: Fit Projections1

: fit projectionsmass of 𝐵𝑠
0 meson 

proper 
decay time of 𝐵𝑠

0meson 

The fitted mass agrees well with 
the world average value2

1. G. Aad et al. [ATLAS], [arXiv:2001.07115 [hep-ex]].
2. M. Tanabashi et al., Review of Particle Physics, Phys. Rev. D 98 (2018) 030001.
3. P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

Measured proper decay time is 
close to the world average 

value3.

https://arxiv.org/abs/2001.07115v3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://pdg.lbl.gov/2020/listings/rpp2020-list-Bs-zero.pdf
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In order to bring down the uncertainties in CP violating parameters further, this result using 
13 TeV data is statistically combined with the results using 7 and 8 TeV data in Run 11(2011-

2012) leading to the following results. The solutions (a) and (b) are treated separately.
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Combination with 7 and 8 TeV results

1. G. Aad et al. [ATLAS],[arXiv: 1601.03297 [hep-ex]].

https://arxiv.org/abs/1601.03297
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68% Confidence Level Contours

Contours1 of 68% confidence level in the 𝜙𝑠- ∆Γ𝑠 plane 

comparison of results using 7 and 8
TeV, 13 TeV and combined data.

comparison of results from ATLAS, 
CMS and LHCb experiments.

1. G. Aad et al. [ATLAS], [arXiv:2001.07115 [hep-ex]].

ATLAS Run 1 + Run 2 

https://arxiv.org/abs/2001.07115v3
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Conclusions

This study presents a measurement of the time-dependent CP asymmetry parameters in 
𝐵𝑠
0 → 𝐽/𝜓𝜙 decays from an 80 fb-1 data sample of proton-proton collisions collected with 
the ATLAS detector during the 13 TeV LHC run. The values from the 13 TeV analysis are 

consistent with those obtained in the previous ATLAS analysis using 7 TeV and 8 TeV data. 
The two measurements are statistically combined.

Parameter Value Statistical 
uncertainty

Systematic 
uncertainty

𝜙𝑠[rad] -0.087 0.036 0.021

∆Γ𝑠[ps-1] 0.0657 0.0043 0.0037

Γ𝑠 [ps-1] 0.6703 0.0014 0.0018

The measurement of the CP-violating phase 𝜙𝑠 is consistent with the Standard Model 
prediction, and it improves on the precision of previous ATLAS measurements1.

1. G. Aad et al. [ATLAS],[arXiv: 1601.03297 [hep-ex]].

https://arxiv.org/abs/1601.03297
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BACKUP SLIDES
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Large Hadron Collider (LHC) – The world’s
largest and most powerful particle accelerator,
situated 100m underground at CERN near
Geneva, Switzerland. It lies in a tunnel of 27km
circumference. It houses four main detectors –
ATLAS, CMS, LHCb and ALICE.
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Large Hadron Collider (LHC)

At LHC, two proton beams travel in opposite 
directions at close to the speed of light 

before they are made to collide. The 
collisions allow us to study fundamental 

particles and their interactions and to answer 
fundamental open questions pertaining to 
the origin of the universe by recreating the 
conditions similar to those shortly after the 

Big Bang. A Higgs event where Higgs Boson decays to bottom and antibottom quarks 
at ATLAS detector

The UNM Collider Physics Group is involved in the ATLAS experiment.

What is the Large Hadron Collider?

What is going on at LHC?
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The ATLAS detector consists of subdetectors 
classified into three main components.

• Inner detector (ID) tracking system immersed 
in a 2T axial magnetic field.

• Electromagnetic and hadronic calorimeters.

• Muon spectrometer (MS). 

The inner detector consists of  

• Silicon pixel detector,

• Silicon microstrip detector, and

• Transition radiation tracking detectors.

July 12th-14th, 2021 17

ATLAS detector

computer generated cross sectional 
view of the ATLAS detector

The ATLAS detector is a multipurpose detector
having dimensions of a cylinder 46m long and
25m in diameter. It is designed to detect the
broadest possible signals that a New Physics
process might provide.
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Two Solutions for Strong Phases - 𝛿|| and 𝛿⊥

Two solutions1 (a) and (b) exist for the strong phases 𝛿|| and 𝛿⊥ due to the 

symmetry of the signal PDF while for other parameters, a single solution exists.

1. G. Aad et al. [ATLAS], [arXiv:2001.07115 [hep-ex]]

https://arxiv.org/abs/2001.07115v3
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Transversity Angle Fit1

1. G. Aad et al. [ATLAS], [arXiv:2001.07115 [hep-ex]]

Fit projections for transversity angles 𝛺(𝜃𝑇 , 𝜓𝑇 , 𝜙𝑇)

https://arxiv.org/abs/2001.07115v3
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Outline


